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X- and 7-ray Studies of Cas A: Exposing Core Collapse to the Core 
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In this review of X-ray and gamma-ray observations of Cas A, evidence is discussed that Cas A was a Type lb supernova of 
a Wolf-Rayet star with a main sequence mass between 22-25 Mq, that exploded after stellar wind loss had reduced its mass 
to ~ 6 Mq. The observed kinematics and the high ^^Ti yield indicate that the supernova explosion was probably assymetric, 
with a kinetic energy of ~ 2 x 10^^ erg. 
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1. Introduction 

Cas A is the youngest known, and one of the bright- 
est supernova remnants (SNRs). It is therefore, ar- 
guably, the best galactic SNR to study the fresh prod- 
ucts of explosive nucleosynthesis. 

The aim of this review is to discuss the observed 
properties in order to put the detection of ^"^Ti emis- 
sion from Cas A into the more general context of ob- 
served nucleosynthesis products, inferred explosion 
energy and progenitor type. This means I will neglect 
the equally fascinating topic o f cosmic ray accelera- 
tion by Cas A's blastwave (e.g. Vink, 2003;. 

Cas A, being the brightest radio source in the 
sky, w as first discovered in the radio (Ryle & Smith, 
Il948h . Its distance, based on combini ng Doppler 
shifts and proper motions, is 3.4lg kpc ( Reed et al.[ 
Il995h . at which distance the outer radius of 2.55' cor- 
responds to 2.55 pc. 

The proper motion of optical knots indicate an 
expl osion date around AD 1671 jThorstensen et all 
12001 ). This is very close to a putative observation of 
the s upernova by Flamsteed ( | Ashworth..l980) . How- 
ever, IStephenson & GreenI ( l2002l) argue that the spu- 
rious star in Flamsteed's catalog, which he observed 
in AD 1680 and is about 10' away from the position 
of Cas A, is not the supernova, but is best explained 
by assuming that he mixed up the relative positions of 
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two different stars. 

The optical emission consists of fast moving 
knots, characterized by velocities ranging from ~ 
4000 kms^^ up to ~ 15000 kms^^ and nitrogen- 
rich, slow movin g knots with typical velocities o f 
150 kms^^ (IKamper & van den RerghL Il976l) . 
The fast moving knots are hydrogen deficient, and 
dominated by forbidden O and S emission (e.g. 
iFesen et ali 200 1 ) . The lack of hydrogen-rich ejecta^ 
suggests that Cas A was a Type lb SN; the result of 
the core-co llapse of a Wolf-Rayet (WR) star (see e.g. 
IWooslev et al...l993]) . 

2. Spatial abundance variations 

X-ray studies of SNRs have the advantage that 
most of the shocked ejecta emit X-rays, whereas the 
optical emitting knots constitute only a small fraction 
of the ejecta. Moreover, the 0.5-7 keV band covers 
line emission from all alpha elements between O and 
Fe, mostly from H-like and He-like ions. This makes 
it relatively easy to compare the yields of the most 
abundant nucleosynthesis products. This is much 
harder to do in the optical, where the line emission is 
very different from one element to another, and where 
some elements (e.g. an abundant element like Si) are 
not observable at all. Due to the large absorption to- 
ward Cas A (~ 10^^ cm^^), C and N emission cannot 
be observed. 

There are some excepti ons, consisting o f knots with traces of hy- 
drogen and nitrog en, see lFesen & Becked Il99ll) . 
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Figure 1. Left: C/!flnt/ra(ACIS-S3) Si-K image with Fe-K contours overlayed. The elHpses and labels correspond 
to the extraction regions for the spectra in the right hand figure. The spectra are labeled according to their dominant 
nucleosynthesis products. Note that spectrum no. 3 shows both dominant Fe-L ('^l keV) and Fe-K (6.7 keV) 
emission. 



The SNR mass can be estimated from modeling 
the X-ray spectrum with a non-equilibrium ionization 
model. For Cas A good results are obtained with a two 
component model, for which the cooler plasma com- 
ponent is thought to arise from the shocked ejecta. 
The emission measure, together with the assumed or 
measured abundances, and an estimate for the vol- 
ume, can be directly rela t ed to t he mass of the plasma 
components dVink et all Il996l) . The lack of hydro- 
gen in the fast moving optical knots suggests that the 
X-ray emitting ejecta are hydrogen deficient as well. 
This has an important implication for the ejecta mass, 
as ionized O, the most abundant element, is an effi- 
cient bremsstrahlung emitter, resulting in a relatively 
low ejecta mass estimate, despite the X-ray luminos- 
ity of ~ 2 X 10^6 erg/s ( Vink et al., 1996). Taking this 
into account, current ejecta mass est imates range frorn 
2-4M(7) and an O mass of 1-3 Mq dVink et alllT996 t 
IWill ingale et al., 2002), with some uncertainty due to 
the uncertain volume filling fraction and temperature 
structure of the ejecta. 

The recent advances in X-ray imaging spec- 
troscopy have enabled a detailed study of spatial 
abundance variations (Fig. [ij. Chandra and XMM- 



Newton show that the bright X-ray shell is very rich 
in oxygen burning products (Si, S, Ar, and Ca), with 
a tight correlation between the abundances of those 
elements (Willingale et al., 2002). 

Remarkably, although Cas A is an oxygen-rich 
remnant, there is a lack of the carbon-burning prod- 
ucts Ne and Mg (Table [Hi. The Ne/O and Mg/O 
ratio are almo st an order of magnitude lower than 
the models of IWooslev & WeaveJ (1 19951) (WW95), 
although a few regions show enhanced Ne and Mg 
emission (Fig. This is in contrast to other O- 
rich SNR s like 1 E0102.2-72192 a nd G29 2-1.8 (e.g. 
RasmussenetaHIJoOl; Park et all r2002h that show 
prominent Ne and Mg line emission. The lack of 
Ne is also apparent from optical observations dFeserl 
1990). The reason for this deficiency is not clear; 
it seems unlikely that most Ne and Mg is still un- 
shocked, as the ubiquitous Si is formed closer to the 
core of the SN, but, as indicated below, the radial 
ejecta structure may be more complicated than usu- 
ally assumed. 

Even more remarkable is the fact that in the 
southeast Fe-rich material exists outside the Si-rich 
shell. The high Fe abundance clearly indicates 



that the knots are ejecta (Fig. fTlHughes e t all l200(A 
[Hwa ng & Laming, 2003), consisting of material from 
the explosive Si-burning shell, where it was synthe- 
sized as radio-active ^^Ni close to the collapsing SN 
core. The Fe knots must have penetrated the outer 
SN layers. In fact, most Fe-K emission is located 
outside a radius of 1.45', ranging almost out to the 
blast wave at 2.55', corresponding to average veloci- 
ties of 4500 - 7800 kms^^. Interestingly the Fe rich 
knots have an ionization parameter higher than the Si- 
rich ejecta (upt^ 5 x 10^^ crn ^'^s, Willingale et alj 
iHwang & Laminal l200/ih indicating that the Fe 
knots were among the first to be shocked.^ Recently 
[Hwang & Laming (2003) reported the discovery of a 
Fe-rich knot that seems almost devoid of Si. This 
suggests that at least this knot is a product of a-rich 
freeze out, which resu lts in a l ower Si to Fe ratio than 
explosive Si-burning llArnetAll996l) . This process is 
also the main source of radio-active ^"^Ti. Interest- 
ingly, recent 2D simulations of core-collapse super- 
novae show that high velocity ^^Ni-rich clumps are 
formed, which are not slowed down in Type lb explo- 
sions (.Kifonidis et al...2003.) . 

3. The detection of ^^Ti 

Alpha-rich freeze out occurs when, in the expand- 
ing Si-burning plasma, the density drops below the 
threshold for the triple-a reaction, and an excess of a- 
particles results in a relatively large build up of ''''Ti. 
Although, its yield is low compared to the ^^Ni, ''^Ti 
is an excellent explosion diagnostic, as it depends sen- 
sitively on th e explosion energy and asymmetry, and 
the mass cut jPiehl & Timmes[ll998l) . 

^''Ti decays into ''^Sc by electron capture with a 
decay time of 8 6 yr, which decays in 5 .7 hr by beta 
decay into "''^Ca jHashimoto et al.L[200ll for the latest 
measurements). The decay is therefore long enough 
to hope to detect the associated 7-ray line emission 
from young SNRs at 68 keV and 78 keV (from ex- 
cited '^^Sc) and 1157 keV C^^Ca). The d etection of 
11 57 keV from Cas A dlvudin et al.. 1994) came nev- 
ertheless as a surprise, as the flux observed by CGRO- 
COMPTEL, (7 ± 1.7) x 10"^ phcm^^^-i^ implied 
a much higher yield than predicted (WW95). How- 

*A plasma is in collisional ionization equilibrium when nct> 
10^^cm~'^s . For most of the p lasma in Cas A net~ 1 X 
10" cm-3 IWillingale et'aillaooj . 
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Figure 2. Ratio map of Chandra Si-K and Mg-K im- 
ages, suggesting the presence of a counter jet. 



ever, additional observations, and finally a detection 
of the ''^Sc lines by BeppoSAX, indicate a lower flux 
of (3 ± 0.6) X lO y^ phcm~^s~^, implying a yield of 
1.8 X 10-'' Mq dVink et al.L EooH IVink & Laming! 
I2OO3I) . This is still on the high side of the predicted 
yields, and is more consistent with models for super- 
novae with high explo sion energies or asymmetries 
jNagataki et all Il998 >. WW95,). The *'^Ti yield for 
Cas A may also have been lower, if, in the course of its 
lifetime, a substantial fraction of '^'^Ti was ioni zed be- 
yond the Li-like state jMochizuki et al.[[l999 l). How- 
ever, this effect depends sensitively on the ionization 
history and, even if substantial, is still m ore in agree- 
ment with a higher than expected yield jMochizukil 
.200L. Laming. .2001.) . 

4. Cas A's dynamics 

Asymmetric SN Type Ibc explosions have recently 
received a lot of attention, as they may be related 
to the highly collimated explosions of gamma-ray 
bursts. Cas A's high ''^Ti yield may be the result of 
either an asymmetric or a more energetic explosion. 
Observations support both possibilities. The optical 
morphology and Doppler shifts clear l y show an asym- 
metric expansion / Reed et all Il995t iLawrence et all 
1995), but the optically knots are dynamically not 
very significant, as they comprise o nly a small frac- 
tion of the total mass (< 0.1 Mq IWiUingale et all 
2003). Most of the shocked plasma is hot enough to 
be visible in X-rays. The X-ray emitting material is. 
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Table 1 

Elemental mass ratios as determined bv lVinketalJlll996l V KB96) an d lWiUingale etail ll2002l W02), with com- 
parisons to models by WW95 and WLW93 bv lWooslev etal.l(ll993l) . 





VKB96 


W02 


S12A 


S22A 


S30A 


S30B 


WLW93 


Ne/O 


0.022 


0.026 


0.140 


0.046 


0.119 


0.100 


0.109 


Mg/O 


0.009 


0.006 


0.053 


0.026 


0.074 


0.071 


0.025 


Si/O 


0.039 


0.043 


0.441 


0.161 


0.039 


0.079 


0.123 


S/O 


0.026 


0.026 


0.378 


0.080 


0.004 


0.022 


0.071 


Ar/O 


0.008 


0.007 


0.127 


0.015 


0.001 


0.004 


0.014 


Ca/O 


0.009 


0.005 


0.071 


0.007 


0.004 


0.003 


0.010 


Fe/O 


0.014 


0.022 


0.071 


0.017 


0.008 


0.009 


0.174 



therefore, from a dynamical point of view more im- 
portant. 

The first hints for an asymmetrical expansion of the 
hot plasma ca me from Einstein FPC S observations of 
Si and S lines (Markert et al., '1983), showing that the 
southeast has an overall redshift, whereas the northern 
part is blueshifted. The most comprehensive X-ray 
Doppler study is based on XMM-Newton data, show- 
ing that the north/southeast asymmetry is even more 
apparent for Fe-K emission, with Doppler velocities 
up to 2500 kms"i in the North ('Willingal e et all 
l2002h . So, interestingly, Fe rich material is ahead of 
the Si rich material in "Doppler space" in the North, 
whereas in projection Fe is ahead of Si-rich material 
in the Southeast. This also indicates that there is no 
obvious symmetry to the Fe kinematics; there is no 
evidence for a Fe-rich jet, nor a well defined Fe-rich 
equatorial structure. The jet-like structure in the East 
is Si-rich (Fig. [Q. There is no clear evidence for a 
counter jet, but mapping the ratio of Si-K and Mg- 
K emission does reveal a structure that hints at the 
presence of counter jet (Fig.|2j. In fact the Chandra 
images show Si-rich knots outside the main shell that 
seem to have pierced through the denser material in 
the West. 

The rim of continuum emission surrounding Cas A 
is hkely due to synchrotron e mission associated with 
the bl astwave dOotthelf et all 1200 it ivink & Laming! 
l2003h . Apart from near the jet region and the West, 
this rim is remarkably circular, much more so than 
the Si-emitting material. This is a clear hint that 
the observed asymmetries are predominantly due to 



an asymmetric explosion, as opposed to pre-existing 
structures in the circumstellar medium (CSM). 

Note that the Doppler shifts are based on centroid 
fitting and are possibly affected by line of sight ef- 
fects, so that actual velocities may be higher. Based 
on X-ray proper m otions using Einstein and ROSAT 
IVink etalJ lll 998l) inferred a blastwave velocity for 
Cas A of 5200 km s"^, a value that has recently been 
confirmed with Chandra ( Delaney & Rudnick, 20031 
Based on the Doppler velocities fwillingale et alJ 
(I2OO3 I) estimated the explosion energy of Cas A to be 
10^1 erg. However, they ignored the high blastwave 
velocity. If that is taken into account, an explosion en- 
ergy of 2 X 10^^ erg can be inferred. Hydrodynamic 
modeling of the blast wave velocity and the blastwave 
and reverse shock radii a lso suggests 2 x 10''^ erg 
jLaming & Hwangil2003l) . 

5. The progenitor's stellar wind 

The presence of N-rich ejecta suggests that Cas A 
is sweeping up CSM from the wind of its progen- 
itor. The swept-up mass is estimated to be 8 Mq 
JVink etal.[ 11996^. Willingale et al. ' '2003V Such a 
high n iass is s u pported b y hydrodynamic a l calcula - 
tions jLaming & Hwangt l2003t fChevaher & Oishl 
I2OO3I) . and by the high ionization parameter (net) 
close to the shock front (Vink & Laming, 2003), 
which suggests an electron density of 30 cm^'^, which 
translate into a pre-shock H density of 7.5 cm^-^ or, 
if the medium is dominated by He, a He density of 
3 cm^'^. For a uniform wind profile, the density. 
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p, relates to the mass loss rate, M, radius, r, and 
wind velocity, v^, as p = M / Anr'^v^. Integration 
to r = 2.55 pc gives a swept up mass of M — 
2.5(M/10-3Mo^/^-l)(^;^,/1000kms"l)-l^fQ. 
This means that for a WR wind of typically 
2000 kms"\ a mass loss rate of 6.4 x 10"^ Afo/yr 
is required, which is in conflict with the observed 
WR mass loss rates. It is, however, more consistent 
with the slower (~ 10 — 300 kms^^) wind of a red 
super giant (RSG) or LBV star. This indicates that 
not too long for the explosion (at maximum 10'' yr, 
the expansion time scale of the optical knots) the 
progenitor was still in an RSG/LBV phase, placing 
strong constrai nts on the main sequence rn ass of Cas 
A's progenitor dGarcia-Seeura et allll996l) . 

6. Possibility of enhanced positron escape 

One of the important goals of the INTEGRAL mis- 
sion is the galac tic e+e^ annihilation radiation (see 
|jeanetalll2003L for some first results). A dominant 
source for this emission is probably positrons that 
have escaped supernovae (e.g. Milne et al., 2001), 
where they are produced by the beta decay of 
^"^Sc and ^^Co. The escape fraction is of impor- 
tance for the bolometric light curve of supernovae 
jRuiz-Lapuente & SpruitLll998h . 

Cas A will be observed by INTEGRAL, and apart 
from ^^Ti, it is interesting to look for e+e^ an- 
nihilation radiation. The typical annihilation time 
scale is 10^ yr. The estimated escape fraction 
for positrons produced by '^^Co decay is ~1% 
dChan & Lineenfelteit 119931) . Given the "^Ti yield, 
this would mean a current annihilation line flux of 
~ 10"*^ phcm^^g-i^ bgjQ^ jjjg INTEGRAL sensitiv- 
ity limits. 

However, the conditions that have led to a high 
"^^Ti yield may also have favored a high positron 
escape fraction. Annihilation during the explosion in- 
volves the slowing down of the positrons, mainly 
throu gh ionization losses (Chan & Lingenfelter, 
Il993l) . Alpha-rich freeze occurs if the plasma is 
expanding rapidly, but the rapid drop in density also 
decreases the positron loss and annihilation rate. 
Moreover, the ionization losses in the presence of He- 
rich plasma are decreased, due to the small He ion- 
ization cross-sections. Preliminary calculations show 
that these effects may increase the escape fraction to 



10%, if most of the - 0.07 Mq of ^^Ni had initial 
velocities in excess of 5000 kms^^. This would in- 
crease the expected line flux to ^ 10^^ phcm^^s^^. 
Unfortunately, the circumstances that lead to a large 
escape fraction, will result in a population of ener- 
getic positrons. The annihilation line may therefore 
be too much affected by line broadening to detect 
with INTEGRAL. Nevertheless, this mechanism may 
be important, as it pote ntially contributes to the galac- 
tic positron production jMilne et alll2002i) . 

7. Conclusion 

Observational evidence suggests that Cas A was 
a Type lb SN. The estimated O mass of 1-3 M© 
corresponds to a main sequence mass of 18-25M0 
(WW95). An additional mass constraint is that the 
progenitor was probably a WR star, which puts a 
lower limit on the main sequence mass of 22M0 
(Massev et al., 2000). One should be careful with us- 
ing the O mass, as WW95 also predict a higher than 
observed Ne and Mg yield. However, a relatively low 
mass WR star is supported by a large amount of swept 
up mass and the high density behind the blastwave, 
which suggests that the progenitor was only briefly in 
the WR phase. 

The mass of the progenitor at the time of explosion 
is difficult to reconcile with current knowledge of WR 
stars. X-ray studies suggest an ejecta mass of less than 
4Mq, adding to that the mass of the compact object, 
for which the Chandra point source is an excellent 
candidate ( Tananbaum,, 1999) , suggests a progenitor 
mass of ^6Mq. The fact that we see nucleosynthe- 
sis products from near the core, indicates that most 
of the ejecta mass must have been shocked. This is 
at odds with current evolutionary models for massive 
stars with rotation, which suggest that WR star end 
their lives with about 12A/0 left (Mevnet & Maeder, 
l2003h . Note that Type lb SN ejecta estimates seeni to 
agree with that of Cas A: 2-4.4Af0 llHamuvlEooi) . 

An alternative scenario, which could explain the 
low ejecta mass, is binary mass transfer, but there is 
no evidence yet (e.g. in the form of a runaway star) 
that the progenitor was part of a binary system. How- 
ever, the modeling of supernova explosions is an ac- 
tive field of research, which received a boost from the 
new found connection between Type Ibc supernovae 
and gamma-ray bursts. For some recent developments 
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and discussions see for example iHeger etaP (l2003l) 
and ..Kifon idis et al. (2003). 

Cas A's high *'*Ti yield suggests a relatively explo- 
sive or an asymmetric SN event. The X-ray emission 
supports both possibilities, with an estimated explo- 
sion energy of 2 x lO'^^ erg and evidence for a Si-rich 
jets and fast moving "plumes" of Fe-rich plasma. A 
more compact progenitor can also cause a higher ''"'Ti 
yield, as a lower ejecta mass results in less fall back 
on the stellar remnant. 

This work is supported by NASA's Chandra Postdoctoral 
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under NASA contract NAS8-39073. 
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